Introduction {#s1}
============

Adverse environmental conditions during early development have been shown to influence health throughout life [@pone.0048828-Barker1]--[@pone.0048828-Weaver1]. Effects of the early cues on ensuing disease risk are not limited to the intrauterine conditions, since the postnatal environment may also influence health outcome and subsequent brain functioning. For example, adverse events during early childhood were found to be a strong predictor of multiple risk factors for various chronic diseases later in life [@pone.0048828-Weaver1]. Conversely, it is documented that postnatal exposure to an enriched environment has beneficial consequences [@pone.0048828-Lemaire1]. Neuroadaptations and plasticity may include structural reactions (e.g., neurogenesis or cell death) and/or functional modifications in sensitive brain regions (e.g., long-term potentiation (LTP), long-term depression (LTD), reorganization of synaptic protein dynamics etc.). In this respect, exposure to transient oxygen deprivation frequently occurs around birth. If sustained neonatal hypoxia/ischemia remains a major cause of brain injury and neurological disabilities, brief acute or intermittent episodes of hypoxia have been shown to exert a protective role in the central nervous system. Indeed, hypoxic conditioning can prevent the deleterious impact of a subsequent, more severe stimulus, by inducing tolerance [@pone.0048828-Gidday1], [@pone.0048828-BossenmeyerPouri1]. Among the mechanisms involved, it was shown that mild/brief hypoxia triggers the generation of new neurons issued from germinative areas, such as the dentate gyrus in the hippocampus and the subventricular zone [@pone.0048828-BossenmeyerPouri2]--[@pone.0048828-Pouri1], corroborating other studies in adult animals where neurogenesis occurs not only as a transient repair mechanism but appears to be a continuous phenomenon over lifespan [@pone.0048828-Hastings1], [@pone.0048828-Lie1]. Interestingly, conditioning-like brief postnatal hypoxia was associated in previous studies with improved functional scores in young rats, along with increased size of various hippocampal regions, suggesting the presence of surnumerary neurons in some brain structures [@pone.0048828-Pouri1], [@pone.0048828-Martin1]. However, several studies have linked neonatal hypoxia with increased risk of psychotic disorders, such as schizophrenia, later in life [@pone.0048828-Zornberg1], [@pone.0048828-Dalman1]. The changes triggered in the brain stimulated by "pathologic" neurogenesis may lead to abnormal communications in exquisitely regulated neural networks. This could in turn cause mental diseases, altered cognitive functions or premature brain aging [@pone.0048828-Basovich1]. In this respect, a particular attention should be paid to the relative distribution of the different neuronal phenotypes that constitute brain circuits and govern the balance between excitatory and inhibitory connections [@pone.0048828-Wullimann1]--[@pone.0048828-Pamenter1].

We therefore monitored brain functional outcome and tissular effects of a brief neonatal hypoxia -- that has been demonstrated to trigger neurogenesis -- in rats until the age of 2 years, which corresponds to senescence in normal conditions. Because it has been documented that males and females are affected differently by hypoxia and related pathologic conditions [@pone.0048828-Martin1], [@pone.0048828-Lang1], [@pone.0048828-Renolleau1], the two genders were investigated separately.

Results {#s2}
=======

Short-term Effects of Transient Neonatal Hypoxia {#s2a}
------------------------------------------------

In these experiments, since no significant differences were found between males and females (ANOVA), results were retrospectively pooled across sex.

### Blood gases {#s2a1}

In our experimental conditions, acute hypoxia for 5 min strongly reduced PO2 (40.6±5.3 *vs* 62.5±6.1 mm Hg, means ± s.d., n = 5, *P*\<0.01) at the end of exposure, while it increased PCO2 (49.2±6.1 *vs* 33.7±5.8 mm Hg, *P*\<0.05) and pH (7.23±0.04 *vs* 7.38±0.02, *P*\<0.01).

### Key proteins involved in cell death and survival {#s2a2}

Transcript amounts of the developmental death-associated protein (DAP) kinase progressively decreased between 30 min and 6 h after exposure to hypoxia in the brain structures investigated, suggesting a protective mechanism ([Fig. 1A](#pone-0048828-g001){ref-type="fig"}). This observation was confirmed at the protein level by Western blotting ([Fig. 1B](#pone-0048828-g001){ref-type="fig"}), with a reduced expression of the active form, i.e. phospho-DAP kinase ([Fig. 1C,E](#pone-0048828-g001){ref-type="fig"}).

![Short-term changes in major signaling proteins in response to transient hypoxia.\
(**A**) Temporal profiles of DAPK mRNAs in frontal cortex (Cx), hippocampus (Hip) and subventricular zone (SVZ) following hypoxia and in matched controls. Data are reported as means ± SD (n = 3). Statistically significant differences between hypoxia and controls: \*\**P*\<0.01. (**B**) Temporal profiles of total DAPK expression in the hippocampus at 1, 3 and 6 hours following hypoxia (H) and matched controls (C). Experiments were performed three times with similar results. (**C**) Expression profiles of total and phosphorylated Erk1/2 (p44 and p42) MAP kinases, Akt and phospho-Akt, p38 and phospho-p38, DAPK and phospho-DAPK, 3 hours after exposure to hypoxia (H) and in matched controls (C) in frontal cortex (cx) and hippocampus (hip). Experiments were performed five times with similar results. (**D,E**) Corresponding densitometric analyses of protein expression in arbitrary units (AU). Data are reported in arbitrary units (AU) as means ± SD (n = 5). Statistically significant differences between hypoxia and controls: \**P*\<0.05; \*\**P*\<0.01.](pone.0048828.g001){#pone-0048828-g001}

Three hours after hypoxia, total amounts of Erk1/2 MAP kinases were not significantly affected, but the expression of phopho-Erk1/2 was significantly increased in response to hypoxia. The reverse was observed for phospho-p38, whereas phospho-Akt expression did not vary ([Fig. 1C,D](#pone-0048828-g001){ref-type="fig"}).

Medium-term Effects of Transient Neonatal Hypoxia {#s2b}
-------------------------------------------------

### Cell proliferation {#s2b1}

The number of BrdU-positive cells within the subventricular zone (SVZ) and the subgranular layer of the dentate gyrus (DG) was found to be respectively 3.5 and 2.4 fold increased in rats previously exposed to hypoxia as compared to controls, with the strongest BrdU incorporation recorded by three weeks post-exposure in both structures ([Figure 2A](#pone-0048828-g002){ref-type="fig"}, n = 5 per group, *P*\<0.001). Although not investigated in the present study, previous experiments showed that hypoxia-associated cell proliferation gave rise to functional neurons [@pone.0048828-Pouri1]. Concomitantly, thicknesses of hippocampal CA1, CA3 layers and dentate gyrus were significantly augmented (ranging from 15 to 20%) in 21-day-old hypoxic rats compared to controls ([Fig. 2B,D](#pone-0048828-g002){ref-type="fig"}), whereas cell density was found to be higher (20--35%) in all structures examined ([Fig. 2C,D](#pone-0048828-g002){ref-type="fig"}). As illustrated in [Fig. 2D](#pone-0048828-g002){ref-type="fig"}, cell labeling with NeuN suggests that the surnumerary cells in hypoxic rats are mature neurons. Finally, both glutamatergic and GABAergic phenotypes appeared to be increased in most structures following hypoxia, as shown by the number of cells expressing either the vesicular glutamate transporter 2 (VGluT2) or the glutamate decarboxylase 65 (GAD65) GABAergic synaptic isoform ([Fig. 2E,F](#pone-0048828-g002){ref-type="fig"}).

![Medium-term changes in 21-day-old rat brains after transient neonatal hypoxia.\
(**A**) Number of BrdU-positive cells recorded in the subventricular zone and in the dentate gyrus of control rats and those exposed to brief hypoxia after birth. Results are expressed as cell numbers per mm^3^ (n = 5). Statistically significant difference between hypoxia and controls: \*\**P*\<0.01. (**B,C**) Layer thicknesses (µm) and cell numbers per mm^3^ in various brain structures (CA1, CA3 = hippocampus Hammon's horn layers; DG = dentate gyrus, Cx = frontal cortex, PFCx = prefrontal cortex), n = 5, \**P*\<0.05, \*\**P\<*0.01. (**D**) Immunohistochemical staining of NeuN, a marker of mature neurons, in various hippocampus layers showing hypoxia-associated increases in thickness and/or cell densities. Cells were counterstained by Dapi (x20 magnification). (**E,F**) Numbers of glutamatergic (VGluT2-positive) cells and of GABAergic (GAD65-positve) cells in various brain structures, n = 5, \**P*\<0.05, \*\**P\<*0.01.](pone.0048828.g002){#pone-0048828-g002}

### Functional synaptic markers {#s2b2}

Transcripts of neuronal plasticity proteins synapsins were significantly elevated as early as 30 min after exposure to hypoxia in the SVZ for synapsin I (2-fold increase) and in hippocampus and SVZ for synapsin II (2- and 5-fold increase, respectively) ([Fig. 3A,B](#pone-0048828-g003){ref-type="fig"}). At 21 days of age, synapsin I, synapsin II and phospho-synapsins (Ser^9^) were more elevated in the hippocampus of rats previously exposed to hypoxia, as illustrated by immunochemistry in the CA1 layer ([Fig. 3C](#pone-0048828-g003){ref-type="fig"}). In addition, the "proximity ligation" assay (Duolink®) confirmed hypoxia-associated increased expression of phospho-synapsins (Ser^9^ and Tyr^301^) in both CA1 layer and frontal cortex for synapsin I, and in the CA1 layer for synapsin II ([Fig. 3D--I](#pone-0048828-g003){ref-type="fig"}).

![Changes in functional synaptic markers, synapsins I and II, in response to hypoxia.\
(**A,B**) Synapsins I and II mRNA levels in various brain structures of rats 30 min after exposure to hypoxia and their matched controls (n = 3, \*\*P\<0.01). (**C**) Immunohistological detection of synapsin I, synapsin II and phospho-synapsins (Ser^9^) in the CA1 layer of 21-day-old rats previously exposed to hypoxia and their matched controls (cells were counterstained by Dapi (blue) and by the neuronal protein NeuN (red). (**D--G**) *In situ* coupling between synapsins with phospho-Ser^9^ and phospho-Tyr^301^, as monitored by the Duolink® "proximity ligation" assay: number of dots per cell in CA1 and frontal cortex (Cx) of 21-day-old control and hypoxic rats. Experiments were performed in triplicate (\**P*\<0.05, \*\**P*\<0.01). (**H,I**) Illustration of *in situ* association between synapsin I and phospho-Ser^9^ in the CA1 layer and the frontal cortex (Cx) of control and hypoxic rats, as revealed by red fluorescent dots in the Duolink® "proximity ligation" assay. Experiments were performed in triplicate, leading to similar results.](pone.0048828.g003){#pone-0048828-g003}

Long-term Effects of Transient Neonatal Hypoxia during Aging {#s2c}
------------------------------------------------------------

### Locomotor capacities, learning, memory, and metabolic activities {#s2c1}

Regarding spontaneous activity in the open-field between 180 and 720 days of age, no statistically significant differences were found between the two experimental groups (i.e., controls and hypoxia), either in the exploration time ([Fig. 4A,B](#pone-0048828-g004){ref-type="fig"}) or in the number of rearings (not shown). Taken together, these data showed that rats were not affected in their locomotion.

![Effects of neonatal hypoxia on behavioral capacities between 180 and 720 days of age.\
(**A--B**) Analysis of spontaneous locomotor activity in the open-field, with total exploration times for females (A) and males (B). (**C--F**) Memory retrieval scores in the multiple-T maze, as shown by escape latency and number of errors, with females' scores (C,E) and males' scores (D,F). Data are reported as means ± s.d. and were obtained from 15 individuals per experimental group, except at 720days. \*\**P* = 0.0001; ^a^ *P* = 0.08 (reveals only a tendency due to an elevated mortality at this age (one-way ANOVA). The inlet in panel D shows the total distance moved (in centimeters) by males in the maze at 540 and 720 days of age, with significant differences \**P* = 0.033 and 0.035, respectively (**G**) Significant correlation obtained at 720 days between cytochrome oxidase (CO) activity in the dentate gyrus and the functional scores in the multiple T-maze reflected by escape latencies for males (black), females (white), previously exposed (circles) or not (squares) to hypoxia. Note the position of hypoxic males' values detached from control males' values and reaching overall females' values.](pone.0048828.g004){#pone-0048828-g004}

When rat pups were placed for 5 consecutive days (between 14 and 18 days of age) in a multiple T-maze for learning a visuo-spatial task, all of them were successful, whatever the experimental group concerned, in good accordance with previous report [@pone.0048828-Martin1]. The time spent to achieve the goal as well as the number of errors made gradually decreased over time similarly in control and hypoxia groups. In addition, male and female rats performed equally in this test (not shown).

Memory retrieval, involving the participation of hippocampus and prefrontal/frontal cortices, was then assessed in the same multiple T-maze between 180 and 720 days of age. As a whole, scores tended to be better in control females than in control males, a phenomenon that reached statistical significance starting from 450 days, when males began to need longer time to escape the maze ([Fig. 4C,D](#pone-0048828-g004){ref-type="fig"}). Whereas no significant difference in escape latency emerged at any time between control and hypoxic females, males previously exposed to transient neonatal hypoxia displayed significantly higher scores than controls at 540 days (*P* = 0.0001). Scores tended to be better at 720 days, but statistical significance could not be reached (*P* = 0.08), probably because of age-related mortality (3 among 7 in controls and 2 among 9 in hypoxia group) that reduced the number of animals for statistical analysis. The number of errors varied slightly according to the ages of the animals at the time of the test, with no significant differences between control and hypoxia groups ([Fig. 4E,F](#pone-0048828-g004){ref-type="fig"}). In addition, the total distance moved in the maze at 540 and 720 days of age by control males was significantly longer than the distance moved by hypoxic males. Similar measurements performed at other ages in males and in females did not reveal any significant difference (ANOVA summary: F(1,13) = 0.005 to 3.072, *P* = 0.103). Because they are strongly associated, the various parameters must be considered all together. Indeed, a lower escape latency, a shorter distance moved, along with no difference in errors committed by hypoxic males compared with their matched controls indicate that hypoxic rats had less hesitation (body rotation in relation with distance moved) and more direct decision making at cross points than controls. Such behaviors would reflect better memory retrieval performances (memory scores) for hypoxic males.

Because brain adaptation in response to various environmental conditions may be related, at least partly, to metabolic changes, overall metabolic activity was regionally assessed by the measurement of cytochrome oxidase activity at 720 days of age. As shown in [Table 1](#pone-0048828-t001){ref-type="table"}, no significant differences emerged between control and hypoxia groups, whatever the brain structure examined. Nevertheless, ANOVA revealed a sex effect in the CA3 layer of the hippocampus and the dentate gyrus, with higher activities in females (*P*\<0.05). Interestingly, a significant correlation (*P* = 0.037) was found between cytochrome oxidase activity in the dentate gyrus − a critical structure for memory retrieval − and functional scores reached by the four experimental groups, i.e., males and females, subjected or not subjected to neonatal hypoxia ([Fig. 4G](#pone-0048828-g004){ref-type="fig"}).

10.1371/journal.pone.0048828.t001

###### Cytochrome oxidase activity in cognitive brain structures at 720 days of age.

![](pone.0048828.t001){#pone-0048828-t001-1}

                                                     Females       Males                  
  ------------------------------------------------ ------------ ------------ ------------ ------------
  CA1 layer                                         16.90±1.11   17.40±0.38   16.85±0.45   16.95±0.72
  CA3 layer[\*](#nt102){ref-type="table-fn"}        16.90±0.80   16.65±0.62   15.60±0.70   15.82±0.61
  Dentate gyrus[\*](#nt102){ref-type="table-fn"}    18.41±0.41   18.00±0.47   16.94±0.35   17.55±0.45
  Frontal cortex                                    16.75±0.55   16.90±0.52   15.92±0.49   16.22±0.63
  Prefrontal cortex                                 17.50±0.51   16.88±0.70   16.82±0.90   15.80±0.52

Cytochrome oxidase activity -- reflecting overall metabolic activity -- was quantified by histochemistry on sagittal brain sections. Data are expressed as µmol/min per g of tissue (means ± SEM) and were obtained from 3 to 4 individuals in each group.

Significant sex effect, *P*\<0.05 (ANOVA).

### Histological correlates {#s2c2}

In good agreement with behavioral observations, transient neonatal hypoxia did not affect major brain histological characteristics of females at 720 days of age, as illustrated in [Figure S1](#pone.0048828.s001){ref-type="supplementary-material"}. By contrast, increased layer thickness could be depicted in CA1, CA3 and dentate gyrus in the brains of 720-day-old male rats previously exposed to hypoxia, with 90, 10 and 15% increase, respectively ([Fig. 5A,B](#pone-0048828-g005){ref-type="fig"}), but with no changes in cell densities in the various brain areas examined ([Fig. 5C](#pone-0048828-g005){ref-type="fig"}). In addition, increases of glutamatergic and/or GABAergic markers could be observed in most areas involved in hippocampus-dependent learning and memory processes ([Fig. 5D--H](#pone-0048828-g005){ref-type="fig"}). Ki67 immunochemistry revealed the persistent presence of proliferating cells in the two major germinative brain areas, i.e. the dentate gyrus and the SVZ, of aged rats, with no significant differences between control and hypoxic rat groups: 34 993±1 225 *versus* 40 406±4 415 positive cells per mm^3^ in the dentate gyrus (n = 4, *P* = 0.291, F(1.6) = 1.34) and 22 906±2 418 *versus* 16 862±2 687 positive cells per mm^3^ in the SVZ (n = 4, *P* = 0.145, F(1.6) = 2.79) (see [Figure S2](#pone.0048828.s002){ref-type="supplementary-material"} for illustration).

![Effects of neonatal hypoxia on brain histological characteristics in 720-day-old male rats.\
(**A--C**) Layer thicknesses (µm), illustrations in the hippocampus layers after tissue coloration by thionine, and cell numbers per mm^3^ in various brain structures, n = 5, \**P*\<0.05, \*\**P\<*0.01. (**D--H**) Numbers of glutamatergic (VGluT2-positive) cells and of GABAergic (GAD65-positve) cells in various brain areas of control and hypoxic male rats (PFCortex = prefrontal cortex, FCortex = frontal cortex, DG = dentate gyrus), n = 5, \**P*\<0.05, \*\**P\<*0.01.](pone.0048828.g005){#pone-0048828-g005}

Concomitantly, apoptosis and inflammation, as depicted by Apostain and Ox-6, respectively, were lower in aged males previously subjected to hypoxia ([Fig. 6A,B,D](#pone-0048828-g006){ref-type="fig"}), whereas transcription of the apoptosis-promoting DAP kinase was significantly reduced in the SVZ, where neurogenesis is known to persist over lifespan ([Fig. 6C](#pone-0048828-g006){ref-type="fig"}).

![Decreased brain apoptosis and neuroinflammation in 720-day-old male rats previously exposed to neonatal hypoxia.\
(**A**) Apoptotic cells in various key brain areas analyzed by means of the Apostain F7-26 specific monoclonal antibody against single-stranded DNA. Data are expressed as number of positive cells per mm^3^ (means ± s.d.) and were obtained from 3 individuals in each group. Statistically significant differences between control and hypoxia groups: \**P*\<0.05, \*\**P*\<0.01. (**B**) Illustration in the prefrontal (PF) cortex. (**C**) DAP kinase mRNA levels in various brain structures, with a significant decrease in the neurogenic subventricular zone (\*\**P*\<0.01). (**D**) Noticeable hypoxia-associated decreased neuroinflammation in the CA1 layer and in the prefrontal cortex in male rats belonging to the hypoxia group, as shown by the use of Ox-6 antibody (cells were counterstained by Dapi and the neuronal marker NF68).](pone.0048828.g006){#pone-0048828-g006}

### Synaptic functions and plasticity {#s2c3}

In parallel to improved cognition and persisting brain histological changes associated with neonatal hypoxia in male rats, mRNA amounts and protein expression of synapsins were found to be increased in various brain structures, especially in the hippocampus ([Fig. 7A--E](#pone-0048828-g007){ref-type="fig"}). Moreover, as illustrated by histochemistry and documented by Duolink®, synapsin phosphorylation differed between control and hypoxia groups ([Fig. 8](#pone-0048828-g008){ref-type="fig"}). Augmented Tyr^301^ phosphorylation of synapsin I was evidenced in the CA1 layer and frontal cortex, whereas higher Ser^9^ phosphorylation was observed only in CA1 ([Fig. 8A,B,E,F](#pone-0048828-g008){ref-type="fig"}). Regarding synapsin II, only Tyr^301^ phosphorylation was significantly augmented in CA1, while its phosphorylation at both residues (i.e., Ser^9^ and Tyr^301^) was reduced in the frontal cortex ([Fig. 8C,D](#pone-0048828-g008){ref-type="fig"}).

![Effects of neonatal hypoxia on synapsin-related synaptic function and plasticity in 720-day-old male rats.\
(**A,B**) Synapsins I and II mRNA levels in various brain structures (PFCx = prefrontal cortex, FCx = frontal cortex, SVZ = subventricular zone) in control and hypoxia groups (n = 3, \**P*\<0.05, \*\**P*\<0.01). (**C**) Western blot analysis of synapsins and their regulatory proteins, in frontal cortex (cx) and hippocampus (hip) of control (C) and hypoxic (H) rats. (**D,E**) Densitometric analysis of western blots presented in panel C. Data are expressed in arbitrary units (AU) as means ± SD (n = 3, \**P*\<0.05, \*\**P*\<0.01).](pone.0048828.g007){#pone-0048828-g007}

![Effects of neonatal hypoxia on synapsin phosphorylation in 720-day-old male rats.\
(**A--D**) *In situ* coupling between synapsins with phospho-Ser^9^ and phospho-Tyr^301^, as monitored by the Duolink® "proximity ligation" assay: number of dots per cell in CA1 and frontal cortex (Cx) of control and hypoxic male rats. Experiments were performed in triplicate (\**P*\<0.05, \*\**P*\<0.01). (**E--G**) Illustrations of *in situ* association between synapsin I and phospho-Ser^9^ and phospho-Tyr^301^ in the CA1 layer and the dentate gyrus (DG, panel G) of control and hypoxic rats. Cells were counterstained with Dapi and NeuN.](pone.0048828.g008){#pone-0048828-g008}

The Erk-dependent serine phosphorylation of synapsins plays a key role in the modulation of their functionality [@pone.0048828-Cesca1]. It contributes to the cellular distribution of synapsins, the establishment of functional synaptic connections, the cycling of synaptic vesicles and the release of neurotransmitters [@pone.0048828-Vara1], [@pone.0048828-Giachello1]. Furthermore, synapsins are downstream targets for the zinc finger transcription factor EGR-1/Zif-268 that regulates the expression of their genes [@pone.0048828-Thiel1], [@pone.0048828-Petersohn1], and it was reported that Erk1/2 pathway stimulates expression and biological activity of the transcriptional regulator EGR-1 [@pone.0048828-Kaufmann1]. Finally, it has been shown that Tyr^301^ phosphorylation of synapsin I by Src kinase regulates synaptic-vesicle trafficking [@pone.0048828-Messa1]. We therefore additionally assessed the expression of these various proteins in the brain of 720-day-old male rats. In good agreement, Src, phospho-Erk (mainly phopho-p42), and EGR-1 were found to be increased in the hypoxia group of aged male rats, especially in the key structure corresponding to the hippocampus ([Fig. 7C--E](#pone-0048828-g007){ref-type="fig"}). These observations may explain the downstream increased expression and phosphorylation of synapsins. The corresponding proteins remained unaffected in females at the same age ([Figure S1D](#pone.0048828.s001){ref-type="supplementary-material"}).

At neuronal excitatory synapses, NMDA receptors are trafficked and clustered by the post-synaptic density (PSD)-95 membrane associated scaffolding protein that has multifaceted functions in regulating synaptic transmission and synaptic plasticity [@pone.0048828-Xu1], [@pone.0048828-Cousins1]. Since it has been shown that PSD-95 binds directly to NR2 (preferentially NR2A) receptor subunits, we used *in situ* proximity ligation assay to evaluate the interaction between these two components in the hippocampus of aged male rats, as an additional index of functional activity and plasticity. As shown in [Fig. 9](#pone-0048828-g009){ref-type="fig"}, the interaction between PSD-95 and NR2A subunits was significantly enhanced (1.72 fold) in male rats previously subjected to neonatal hypoxia as compared to their matched controls.

![Effects of neonatal hypoxia on the *in situ* interaction between NR2A and PSD-95 in the hippocampus of 720-day-old male rats.\
(A) Quantification of the association between NR2A and PSD-95, as monitored by the Duolink® "proximity ligation" assay: number of dots per cell in CA1 and dentate gyrus (DG) of control and hypoxic male rats (N = 6/group, with a minimum of 230 cells analyzed/group). Note that the interaction in hypoxia group is 1.72 fold increased. (B) Illustrations of *in situ* association between NR2A and PSD-95 in the CA1 layer and the dentate gyrus (DG) of control and hypoxic rats.](pone.0048828.g009){#pone-0048828-g009}

Discussion {#s3}
==========

It is now well established that neurogenesis occurs throughout the life in mammals, and that neural stem cells reside in the adult central nervous system [@pone.0048828-Taupin1]. Moreover, it has been documented that brain injuries, depending on their characteristics, can trigger neurogenesis [@pone.0048828-Ohira1]. In recent studies, we showed that a short (5 min) neonatal hypoxia in rats can activate endogenous brain neurogenesis that secondarily gives rise to a significant functional gain [@pone.0048828-Pouri1], [@pone.0048828-Martin1]. In good agreement, Lu et al. [@pone.0048828-Lu1] reported that postnatal exposure to mild intermittent hypoxia (16% O2, 4 h/day for 4 weeks) enhances spatial learning and memory in developing mice. However, whereas cell mechanisms involved remain poorly understood, no information was available on the long-term consequences on the aging brain of the surnumerary neurons produced in early life. In the present work, we first showed that within a few hours following hypoxia (evidenced by a significant PO~2~ decrease), specific brain areas such as the subventricular zone and the hippocampus achieved a reduced activation of pathways involved in cell death, such as those mediated by p38 MAP kinase and DAP kinase [@pone.0048828-Xia1], [@pone.0048828-Bialik1]. By the same time, ERK1/2 pathway was upregulated, and this could be related to cell survival and cell proliferation reflected by increased BrdU incorporation, whereas the pro-survival Akt pathway may be not involved in our model. The presence of additional cells was confirmed at 21 days of age by enlarged size of various cell layers in the hippocampus, increased cell density, along with increased synaptic plasticity in line with higher levels of synapsins and phosphosynapsins. The importance of synapsin phosphorylation in the modulation of synapsin function and thus of neuronal activity has been largely documented. In this respect, phosphorylation on Ser^9^ residue has been reported to promote neurite outgrowth and to take part in the chain of molecular events that lead to the formation and stabilization of synapses, implying cell connections and enhanced neuronal survival [@pone.0048828-Cesca1]. In addition, the augmentation of glutamatergic and GABAergic cell phenotypes in various brain areas may not only reflect the conservation of a proper balance between the major excitatory and inhibitory systems, but may also constitute a hallmark of early hypoxia-related developmental events such as proliferation, migration, and differentiation [@pone.0048828-Lujn1].

Although the birth of newly generated cells appeared to be limited to the known germinative areas, i.e. the subventricular zone and the subgranular zone of the dentate gyrus, several lines of evidence suggest that new neurons may migrate widely from these neurogenic regions to be then broadly located in the brain [@pone.0048828-Pouri1], [@pone.0048828-Ohira1]. Thus, the question arises about the functional outcome of these surnumerary cells that potentially integrate existing circuitries. Secondarily, one may question whether these mechanisms trigger only temporary brain response or lead to prolonged brain adaptations, including during aging.

Aging is normally associated with functional decline of brain, especially cognitive decline which involves various mechanisms, including changes in synaptic transmission efficiency that play a central role in processes such as learning and memory or neurodegeneration. Although these mechanisms usually begin to occur earlier, during adulthood, behavioral parameters are the latest characteristics giving evidence of functional decline, and thus may be considered as alert signals of neurodegenerative processes [@pone.0048828-Taffe1]. In this respect, whereas the behavioral changes recorded are globally relatively modest, we report for the first time that male rats previously subjected to neonatal hypoxia displayed significantly higher scores than controls in a memory retrieval test during senescence, independently of their locomotor capacities. In fact, our data showed that these animals reached females' scores, which were less affected by aging. Different studies using both cellular and functional markers have shown that, in normal conditions, female subjects present a higher resistance to senescence than males [@pone.0048828-Wiederholt1], [@pone.0048828-Coffey1]. Also, it has been documented that female rats have longer life expectancies compared to males and low rates of cerebral hemorrhage and vascular lesions until an advanced age [@pone.0048828-Cahill1]. Furthermore, obvious sex differences have been described in several brain regions involved in cognition such as the hippocampus [@pone.0048828-Cahill1], [@pone.0048828-Juraska1].

At the tissue level, our observation is consistent with the level of cytochrome oxidase activity in the dentate gyrus, a structure involved in memory. Actually, this measurement showed that, according to the existing correlation between global metabolic activity of the dentate gyrus and memory scores, aged males initially subjected to short hypoxia are closer to females than to paired control males. In addition, we showed that previously hypoxic 2-year-old males exhibited a better preservation of their brain integrity than controls, especially at the hippocampus level, with reduced age-related apoptosis, larger hippocampal cell layers, and higher expression of glutamatergic and GABAergic markers, as normally present at earlier ages and known to be involved in cognition. These changes were accompanied with a strong expression of synapsin proteins, mainly of their phosphorylated active forms which constitute key players of synapse function and plasticity [@pone.0048828-Cesca1], [@pone.0048828-Turner1]. As shown in the present study, this latter observation does not only reflect the presence of a higher number of cells, but the activation of various, interdependent functional pathways involving Erk1/2 MAP kinases, the transcription factor EGR-1/Zif-268, and Src kinase with, ultimately, enhanced synapsin functions. The fact that the expression of these proteins remained unchanged in the brain of female rats would support the participation of the corresponding regulatory cascades in cognitive function. Our data are in good agreement with the demonstration that synaptic activity reduces apoptosis and promotes neuronal survival [@pone.0048828-Lveill1]. Furthermore, synaptic plasticity, such as LTP and LTD, exerts a central role in the acquisition and storage of information [@pone.0048828-Silva1]. The NMDA receptors subserve synaptic glutamate-associated transmission and plasticity in central neurons, notably in the hippocampus. They are embedded in the postsynaptic density (PSD), a highly organized protein network where signal transduction at excitatory synapses along with information storage underlying learning and memory take place [@pone.0048828-Garner1]. Studies on PSD-95 mutant mice have shown that PSD-95 is essential for mediating NMDA receptor-related LTD and LTP [@pone.0048828-Xu1]. PSD-95 contributes to glutamatergic transmission and to the determination of the size and strength of synapses through a direct binding with NMDA receptors [@pone.0048828-Kim1]. Accordingly, the significantly higher interactions between PSD-95 and NR2A receptor subunits measured in the hippocampus of 720-day-old male rats previously exposed to transient neonatal hypoxia strengthen the conclusion of increased synaptic functional activity and plasticity in those animals, in association with enhanced cognitive capacities. Taken together, our data show that an acute episode of hypoxia around birth can trigger neurogenesis associated with long lasting, beneficial rather than deleterious effects on the brain. The main findings are tentatively summarized in [Figure 10](#pone-0048828-g010){ref-type="fig"}. These observations are of particular interest with regard to the recent review by Simon N. Basovich [@pone.0048828-Basovich1] that questions about the capacity of early hypoxia to increase mental capacity and, as a possible consequence, its role in the etiology of mental disorders. The present results suggest that in some brain areas, such as the hippocampus, of aged males having experienced brief neonatal hypoxia, the quantity of neurons with increased synaptic functioning and plasticity could remain above a minimum threshold to confer higher resistance to senescence, with a better preservation of cognitive functions.

![Summary of events involved in the hypoxia-mediated beneficial effects on the rat brain.](pone.0048828.g010){#pone-0048828-g010}

Materials and Methods {#s4}
=====================

Ethics {#s4a}
------

Experiments were performed on Wistar rats (Charles River, l\'Arbresle, France). They were conducted in accordance with internal guidelines (Nancy-University Ethic Comity) for animal care and housing, and meet all applicable standards for the ethics of experimentation and research integrity.

Exposure to Hypoxia {#s4b}
-------------------

Litters were reduced to 10 pups for homogeneity. Within 24 hours after birth, half of the litter was placed for 5 min in a thermoregulated Plexiglas chamber flushed with 100% N2, whereas the remaining pups were taken as controls and exposed for the same time to 21% O2/79% N2 (a mixture corresponding to air), as previously described [@pone.0048828-Pouri1]. The temperature inside the chamber was adjusted to 36°C to maintain body temperature in the physiological range. All pups were allowed to recover for 20 min in normoxic conditions, and were then returned to their dams. The hypoxic treatment did not result in any animal lethality. In some experiments, indices of hypoxia were assessed by the measurement of blood gases (PO2, PCO2, and pH), as previously described [@pone.0048828-Grojean1]. For this purpose, at the end of exposure to hypoxia (or to normoxia for controls), mixed blood samples were rapidly collected following decapitation, sheltered from ambient air, and rapidly injected into a gas analyzer (Corning Medical and Scientific, Halstead, UK).

Histopathological Analyses {#s4c}
--------------------------

For further tissue investigations, a total of 32 animals were timely euthanized by decapitation (at 21 or 720 days of age). Brains were quickly harvested, frozen in methylbutane at −30°C, and kept at −80°C. Twelve-µm sagittal cryo-sections were generated, starting from the zero plane that bissects the brain mid-sagittally, and brain structures were identified according to the atlas of Sherwood and Timiras [@pone.0048828-Sherwood1] or Paxinos and Watson [@pone.0048828-Paxinos1]. For subsequent stainings and labeling counts, selected slides were coded prior to analysis and the codes were not broken until the experiments were completed.

Absolute numbers of labeled cells were estimated stereologically by means of the fractionator method, as described by Noori and Fornal [@pone.0048828-Noori1], in 1 in 3 or 1 in 5 Dapi-stained 12-µm sagittal sections, depending on the brain region examined, the type of labeling, and the age of the individuals. For this purpose, a 100×100 µm grid was superimposed over each image-section and labeled cells were counted in 10 000 µm^2^ counting areas using a 20× objective. Total number of labeled cells (N) was calculated according to the equation: N = ΣQ−×(1/ssf )×(1/asf )×(1/tsf ), with Q− = number of counts, ssf = section sampling fraction, asf = area sampling fraction, and tsf = thickness of the sampling fraction. Calculation of the coefficient of error (CE(acf)) as an estimator of accuracy of the probe runs was performed according to the equation: CE = 0.039×acf --0.39, with acf = area of the counting frame [@pone.0048828-Noori1]. In our investigations, CE(acf) = 0.001.

For basic histopathological investigations, brain sections were stained with thionin or the DNA fluorochrome 4,6-diamidino-2-phenylindole (Dapi, Sigma-Aldrich) for the measurement of layer thickness or global cell density by counting cell nuclei.

The presence of apoptosis was selectively depicted in tissue sections by the Apostain® method using monoclonal antibody to single-stranded DNA (F7-26, AbCys SA, Paris, France) after DNA denaturation by heating in the presence of formamide, as described by Blaise et al. [@pone.0048828-Blaise1].

Labeling of Newly Generated Cells {#s4d}
---------------------------------

To evaluate the rate of cell proliferation in response to hypoxia, bromodeoxyuridine (BrdU, Sigma-Aldrich, Saint-Quentin Fallavier, France) was solubilized in 0.9% NaCl containing 0.007 N NaOH, and administered intraperitoneally (50 mg/kg) as a single injection at various ages between 10 and 30 postnatal days. Animals were killed 24 h later by decapitation, and their brains immediately frozen in methylbutane at −30°C. For BrdU immunostaining, DNA was first denatured by incubating brain sections in 2 N HCl for 45 min at room temperature followed by a 10-min neutralization in 0.1 M sodium borate at pH 8.5. Tissue was rinsed in phosphate-buffered saline (PBS) for 10 min, then in PBS containing 10% goat serum for 1 h, and incubated overnight at 4°C with a mouse monoclonal antibody against BrdU (1/100, Oncogene Research Products, Boston, MA). After washing steps, brain sections were incubated in the presence of a Cy3-conjugated secondary antibody (1/100, Sigma-Aldrich) for subsequent detection of BrdU.

Regional Brain Metabolism {#s4e}
-------------------------

Overall metabolic activity was evaluated in various brain areas by cytochrome oxidase (CO) histochemistry as originally reported by Wong-Riley [@pone.0048828-WongRiley1] and slightly modified by Strazielle et al. [@pone.0048828-Strazielle1]. Brain tissue sections were incubated in the dark for 75 min at 37°C in a continuously stirred solution of 0.1 M PBS (pH 7.4) containing 0.55 mg/mL 3,3\'-diaminobenzidine tetrachloride (DAB, Sigma-Aldrich), 0.22 mg/mL horse-heart cytochrome c (Sigma-Aldrich), 0.2 mg/mL catalase (Sigma-Aldrich) and 44.5 mg/mL sucrose. Slides were washed in ice-cold buffer and immersed in a 10% buffered formalin solution for 30 min. They were then washed in buffer at room temperature, dehydrated in successive ethanol and xylene baths, and coverslipped with mounting medium. Brain sections from previously hypoxic and matched control rats were processed in parallel.

Enzyme activity was quantified by densitometric analysis by means of a computerized image-processing system (Biocom), and by using freshly prepared calibrated standards to convert absorbance into enzymatic activity as µmol/min per g of tissue.

Tissue Immunochemistry {#s4f}
----------------------

For immunohistochemical analyses, 12-µm brain sections were incubated in 0.1% triton X100 in PBS for 20 min at room temperature. Slides were dipped in PBS for 10 minutes, then in PBS containing 10% bovine serum for 1 h, and were incubated overnight at 4°C with a primary antibody against one of the following proteins: vesicular glutamate transporter 2 (VGlut2, mouse monoclonal, 1/100, Chemicon International, Millipore, Guyancourt, France), glutamate decarboxylase 65 (GAD65, rabbit polyclonal, 1/100, Chemicon International), Ox-6 (MHC Class II, mouse monoclonal,1/100, AbDserotec, Düsseldorf, Germany), Neurofilament 68 (NF68, rabbit polyclonal, 1/200, USBiological, Euromedex, Souffelweyersheim, France), Neuronal Nuclei protein (NeuN, mouse monoclonal, 1/200, Chemicon International), synapsin I (Syn1, rabbit polyclonal,1/200,Calbiochem, Merk, Lyon, France), synapsin II (Syn2, rabbit polyclonal, Abcam, Paris, France), phospho-synapsin (Pser9-synapsin, 1/200, rabbit polyclonal, Cell Signaling Technology, Ozyme, Saint Quentin en Yvelines, France), phospho-tyrosine (mouse monoclonal, 1/200, Cell Signaling Technology), phospho-serine (mouse monoclonal, 1/200, Cell Signaling Technology), NMDA NR2A (rabbit polyclonal, 1/200, Abcam), PSD-95 (mouse monoclonal, 1/200, Abcam), Ki67 (rabbit polyclonal, 1/200, Abcam).

After a washing step, immunoreactivity was depicted by incubation in the presence of an appropriate secondary anti-IgG antibody conjugated to AlexaFluor (1/1 000, Molecular Probes, Cergy-Pontoise, France). Immunofluorescence visualization was performed with a BX51WI microscope (Olympus, Rungis, France) and analyzed by Cell® analysis software (Olympus).

In addition, the "proximity ligation" assay (Duolink® *in situ* PLA™ reagents, Olink Bioscience, Eurogentec, Angers, France) was used to visualize and quantify synapsin coupling with phospho-Serine^9^ and phospho-Tyrosine^301^, as well as the interaction between NMDA NR2A subunits and PSD-95. A pair of oligonucleotide labeled secondary antibodies (PLA probes) generates a signal only when the two probes have bound in close proximity. The signal from each detected pair is visualized as an individual fluorescent dot. The PLA signals were counted based on microscopy images (Olympus BX51WI microscope with BlobFinder freeware from the Centre for Image Analysis, Uppsala University, Sweden).

Western Blot Studies {#s4g}
--------------------

Western blot analyses were performed on nitrogen frozen isolated brain structures. Tissue was solubilized in Ripa lysis buffer containing 140 mM NaCl, 0.5% (w/v) sodium deoxycholate, 1% (v/v) Nonidet P-40, 0.1% (w/v) SDS, and protease inhibitors (Complete, Roche Applied Science, Meylan, France). After homogenization, samples were lysed by three cycles of freezing/thawing and finally centrifuged at 4°C for 30 min at 15,000×*g*. The protein concentration in the supernatant was determined using the BCA protein assay kit (Pierce, Interchim, Monluçon, France). Forty µg of protein samples were mixed with an equal volume of 2× Laemmli buffer, denatured by heating the mixture for 5 min at 100°C, and then resolved by 12% SDS-PAGE. The separated proteins were transferred using a Mini Trans-Blot cell onto polyvinylidene fluoride membrane (Immobilon-P, Millipore), and the membranes were blocked for 1 h with Tris-buffered saline (pH 7.4) and 0.1% (v/v) Tween 20 (TBST buffer) containing 5% (w/v) bovine serum albumin. The polyvinylidene fluoride membrane were then incubated overnight at 4°C with a primary antibody against one of the following proteins: Akt (C67E7, rabbit monoclonal, 1/1000, Cell Signaling Technology, Beverly MA, USA), phospho-Akt (D9E, rabbit monoclonal, 1/1000, Cell Signaling Technology), p38 (rabbit polyclonal, 1/1000, Cell Signaling Technology), phospho-p38 (28B10, rabbit polyclonal, 1/1000, Cell Signaling Technology), Erk1/2 (rabbit polyclonal, 1/5000, Cell signaling Technology), phospho-Erk (Thr^202^/Tyr^204^, rabbit monoclonal, 1/500, Cell signaling Technology), death-associated protein kinase (clone DAPK-55, mouse monoclonal, 1/1000, Sigma-Aldrich), phospho-death-associated protein kinase (clone DKPS308, mouse monoclonal, 1/500, Sigma-Aldrich), EGR-1 (rabbit polyclonal, 1/500, Cell Signaling Technology), synapsin I (rabbit polyclonal, 1/2000, Calbiochem), synapsin II (rabbit polyclonal, 1/2000, Abcam), Src (36D10, rabbit monoclonal, 1/1000,Cell Signaling Technology), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, mouse monoclonal, 1/1,000, Abcam) was used as an internal standard. Polyvinylidene difluoride membranes were incubated for 1 h at room temperature with the corresponding horseradish peroxidase-conjugated preadsorbed secondary antibody (1/5000, Molecular Probes). Quantity One software, associated with the VersaDoc imaging system (Model 1000, Bio-Rad Laboratories), was used to quantify signals.

Real-Time Quantitative RT-PCR {#s4h}
-----------------------------

Total RNA was purified from nitrogen frozen brain tissue with the RNeasy Lipid Tissue kit following the manufacturer's recommendations (Qiagen, Courtaboeuf, France), which included treatment with DNase. To evaluate possible DNA contamination of the RNA samples, reactions were also performed in control condition without Omniscript RT enzyme (Qiagen, Courtaboeuf, France).

Specific amplifications were performed using the following primers, forward: 5′-AGCTCCAGGATAAGGGAGGA-3′, and reverse: 5′-TGCCACGTGAAGAGCTGTC-3′ (expected product size: 140 bp) for death-associated protein kinase (DAPK); forward: 5′-GAGGCCCTCCACAACCAG-3′, and reverse: 5′-CTGCTGTGGGACTTGGTAGG-3′ (expected product size: 147 bp) for synapsin I, and forward: 5′-CATGGGTGTTTGCTCAGATG-3′, and reverse: 5′-TCTCTCGGTGATTGGGGTAG-3′ (expected product size: 96 bp) for synapsin II. Quantitation was performed using ribosomal protein S29 (RPS29) as an internal standard with the following primers: forward, 5′-ATGGGTCACCAGCAGCTCTA-3′ and reverse: 5′-GCCCGTATTTACGGATCAGA-3′ (expected product size: 106 bp). Real-time polymerase chain reaction was performed using the DNA binding dye SYBR Green I for the detection of polymerase chain reaction products. Temperature cycling for the DAPK run was 15 min at 95°C to activate the enzyme, followed by 50 cycles of 95°C for 10 seconds, 58°C for 15 seconds, and 72°C for 10 seconds. Temperature cycling for the synapsin I run was 15 min at 95°C to activate the enzyme, followed by 43 cycles of 95°C for 10 seconds, 57°C for 15 seconds, and 72°C for 10 seconds. Temperature cycling for the synapsin II run was 15 min at 95°C to activate the enzyme, followed by 43 cycles of 95°C for 10 seconds, 57°C for 15 seconds, and 70°C for 15 seconds. Temperature cycling for RPS29 run was 15 min at 95°C to activate the enzyme, followed by 43 cycles consisting of 95°C for 10 seconds, 57°C for 15 seconds, and 72°C for 10 seconds. Then melting curves analyses were performed by increasing temperature from 67 to 94°C. Calculation of the results was done with the RelQuant software (Roche Diagnostics, Manheim, Germany). Results were expressed as arbitrary units by calculating the ratio of crossing points of amplification curves of sample mRNAs and internal standard.

Neurobehavioral Studies {#s4i}
-----------------------

Behavioral tests were performed between postnatal days 14 and 720 in order to evaluate the rats' abilities and their cognitive performances as previously described [@pone.0048828-Hoeger1], [@pone.0048828-Hoeger2]. The data were analyzed in the light of gender, with a total of 16 controls (7 males and 9 females) and 15 previously exposed to hypoxia (9 males and 6 females).

### Open-field test {#s4i1}

To monitor psychomotor capacities, general activity was measured in an open-field from 180 to 720 days of age. At various time points, each rat performed a one-trial test consisting in behave freely in a circular area (90 cm in diameter and walls of 35 cm high). Four objects were suspended over the area in order to increase the interest of animals. These objects, corresponding to geometric forms, were changed in size and colour between trials. Their height position was chosen to be easily seen by rats without any contact possible. The open-field was carefully washed between every assay. The total time for each test was fixed at 3 min and two parameters were collected: the time spent by rats in locomotor activity (corresponding to the total time of the test minus the total time of immobility) and the total amount of rearing behaviours (counted each time the rat leaved the ground with his front paws).

### Multiple T-maze {#s4i2}

Animals were tested for learning and memory (reference memory) in a multiple T-maze with 6-choice points and dimensions of 180×110 cm. The alley through which the animals navigated had a height of 35 cm and a width of 8 cm. It is assumed that food deprivation motivates animals to reach the goal box where they would be rewarded with food. Rats deprived of food for 24 h were trained two times per day for five consecutive days between postnatal days 14 and 18. Memory retrieval for this maze was tested at various ages, from 180 to 720 days, by one single run. Time to reach the goal as well as wrong decisions at the choice points (number of errors) were recorded. For homogeneity, tests were always performed between 8∶00 and 11∶00 a.m.

Statistical Analyses {#s4j}
--------------------

Data were prospectively collected and analyzed with Statview 5 software for Windows (SAS Institute, Berkley, CA). Raw data were compared by using one-way analysis of variance (ANOVA) with Fisher's test. For all analyses, a *P* value\<0.05 was considered to indicate statistical significance.

Supporting Information {#s5}
======================

###### 

Lack of significant effects of neonatal hypoxia on brain histological characteristics and synapsin-related proteins in 720-day-old female rats. (**A**) Layer thicknesses in the hippocampus of control and hypoxic female rats (n = 5, DG = dentate gyrus). (**B**) Number of apoptotic cells as depicted by the Apostain® method in various brain areas (n = 5, PFCx = prefrontal cortex, FCx = frontal cortex,). (**C**) Expression of synapsin I (green) and NeuN (red) in the hippocampus (nuclei were counterstained by Dapi). (**D**) Western blot analysis of regulatory proteins of synapsins in the hippocampus of control (C) and hypoxic (H) rats and corresponding densitometric analyses. Data are expressed in arbitrary units (AU) as means ± SD (n = 3). Similar observations were made in the cortex (not shown).

(TIF)

###### 

Click here for additional data file.

###### 

Proliferating cells in the brain of aged male rats. Representative illustration of Ki67 labeling (red) in 720-day-old male rats in the two major germinative zones, the subventricular zone (SVZ) and the dentate gyrus (DG). Cells were counterstained by Dapi (blue). See results section for quantitative data.

(TIF)

###### 

Click here for additional data file.
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